During the late-phase (LP) response to inhaled allergen, mediators from neutrophils and eosinophils are released within the airways, resembling what occurs during an asthma attack. We compared the distribution of obstruction and degree of reversibility that follows a deep inspiration (DI) during early-phase (EP) and LP responses in nine asthmatic subjects challenged with allergen. Heterogeneity of constriction was assayed by determining frequency dependence of dynamic lung resistance and elastance, airway caliber by tracking airway resistance during a DI, and airway inflammation by measuring inflammatory cells in induced sputum postchallenge. Despite a paucity of eosinophils in the sputum at baseline (Ͻ1% of nonsquamous cells), asthmatic subjects showed a substantial EP response with highly heterogeneous constriction and reduced capacity to maximally dilate airways. The LP was associated with substantial airway inflammation in all subjects. However, five subjects showed only mild LP constriction, whereas four showed more marked LP constriction characterized by heterogeneous constriction similar to EP. Bronchoconstriction during LP was fully alleviated by administration of a bronchodilator. These findings, together with the impaired bronchodilatory response during a DI, indicate a physiological abnormality in asthma at the smooth muscle level and indicate that airway inflammation in asthma is associated with a highly nonuniform pattern of constriction. These data support the hypothesis that variability in responsiveness among asthmatic subjects derives from intrinsic differences in smooth muscle response to inflammation. allergen; airway reactivity AIRWAY REACTIVITY IS A CARDINAL feature of asthma, but its precise relationship to inflammation and disease is poorly understood (27, 33, 34, 36) . Although asthmatic subjects as a group display much greater constriction sensitivity to a nonspecific agonist compared with normal subjects, substantial overlap exists between normal and asthmatic subjects with regard to airway inflammation assayed by sputum cell counts, bronchoalveolar lavage, and airway biopsy sampling (20, 31, 34, 37) . This suggests that the extent of airway inflammation may not dictate the phenotypic expression of asthma in a given patient and that phenotype, although related to inflammation, is principally dictated by other biological factors. This notion is supported by the recent findings of Crimi et al. (4), who showed that in patients with mild to moderate asthma, airway reactivity as measured by methacholine PC 20 [dose inducing 20% decline in 1-s forced expiratory volume (FEV 1 )] correlated poorly with bronchoalveolar lavage eosinophil counts.
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Alternatively, asthma phenotype may be dictated primarily at the level of the airway smooth muscle (ASM). To evaluate this, investigators have examined responses of asthmatic subjects to a deep inspiration (DI) to assay how ASM responds in vivo to stretch. Skloot et al. (29) demonstrated that, in healthy subjects, restricting DIs during a methacholine challenge makes airways become more reactive. However, among asthmatic subjects who are hyperreactive at baseline, inhibiting DIs did not have this effect (2) . These findings support the concept that intrinsic differences in ASM physiology exist between normal and asthmatic subjects. Recently in humans, we applied a method to track airway resistance (Raw) as a real-time surrogate for airway caliber (17) . We showed that asthmatic subjects are unable to maximally dilate their airways at baseline and that this physiological alteration worsens during induced constriction. These observations suggest an intrinsic defect in the contractile process at the ASM level. We also found that, in all cases, constriction was rapidly and completely reversed by administration of a ␤-agonist bronchodilator, suggesting that the ␤-receptor smooth muscle response in asthma is intact (17) . How this apparent smooth muscle defect interacts with inflammation to produce the clinical features of asthma remains unknown.
An additional factor that is critically important in determining the severity of asthma is the distribution (i.e., heterogeneity and mean level) of constriction throughout the bronchial tree (22) . Local, marked constriction affecting only a small percentage of airways can cause hypoxemia by altering ventilation-perfusion (V A/Q ) matching, can diminish dilator response to a DI by affecting local airway-parenchymal interdependence, and can produce refractoriness to inhaled medications by preventing their distribution to the most severely affected regions of lung. We have also recently shown that acute reactivity in asthmatic subjects creates this type of heterogeneous pattern of airway constriction (22) such that dynamic lung resistance and elastance (RL and EL, respectively) are highly elevated near breathing frequencies and are highly frequency dependent (19, 21, 25) .
The goal of the present study was to evaluate the hypothesis that the asthmatic phenotype is determined principally by altered ASM function rather than by inherent differences in the degree of inflammation. If correct, then the pattern of constriction, dilatory response to a DI, and reversibility of constriction with bronchodilators should be similar during early-phase (EP) responses when minimal cellular inflammation is present and late-phase (LP) responses when substantial cellular inflammation is present. Conversely, if the extent of inflammation and airway wall edema dictates phenotypic variation, then physiological features of the constrictor response during EP and LP should be quite different.
METHODS
Subject selection. Nine asthmatic subjects were recruited for this study from the existing asthmatic patient population of the Asthma Research Center at Brigham and Women's Hospital. All subjects were adults (18-65 yr old), had no history of smoking or existing comorbid states (i.e., no immunocompromising condition, no cardiac disease by history, and not on anticoagulation therapy), and were not pregnant. Demographics for the subjects and their baseline FEV 1, methacholine PC20, antigen used for challenge, and medications are shown in Table 1 . Three subjects included in this cohort did not undergo a methacholine challenge. Nevertheless, all three had experienced asthmatic symptoms and been diagnosed by a physician as having asthma. Subjects were asked to withhold their asthma medications as follows: shortacting ␤-agonists (e.g., albuterol) for 8 h; long-acting ␤-agonists (e.g., salmeterol) for 48 h; and Allegra, Claritin, or inhaled corticosteroids for 1 wk before the study. Subjects were told to consult with their physician about participating in the study and withholding their medications and were advised not to withhold their medications if they experienced any asthma symptoms. The Institutional Review Boards at Boston University and Brigham and Women's Hospital approved the study. Informed consent was obtained from each subject.
Experimental methods. We measured quasi-static pressure-volume curve data (QSPVC), RL and EL from 0.1 to 8 Hz, and Raw during tidal breathing and a DI to total lung capacity (TLC) in all subjects during EP and LP after antigen challenge and postalbuterol. To obtain RL and EL as a function of frequency, we used the optimal ventilator waveform (OVW) approach (23) . The OVW is a broadband input flow waveform designed to mimic lung volumes during normal tidal breathing. The OVW flow signal is the sum of seven sinusoids combined to provide tidal-like ventilation while allowing for estimation of RL and EL between 0.15 and 8 Hz with the use of impedance analysis (18) . Airway opening flow was measured with a pneumotachograph (Hans Rudolph series 4700A) connected to a pressure transducer (Celesco, model LCVR, 0-2 cmH2O). Esophageal pressure was measured with a 10-cm latex balloon containing ϳ1 ml of air connected to a polyethylene catheter. Transpulmonary pressure (Ptp) was estimated as the difference between airway opening pressure and esophageal pressure and was measured across a single differential pressure transducer (Celesco, model LCVR, 0-50 cmH2O). All signals were low-pass filtered at 10 Hz (4-pole Butterworth, Frequency Devices) and sampled at 40 Hz (Data Translations DT-2811 A/D board). An oxygen bias flow and soda lime scrubber device were used to prevent hypoxemia and hypercarbia during measurements.
Raw was tracked in real time by using the technique of Jensen et al. (17) . A valve leading to a high-inertance tube was added to the breathing circuit and opened to the atmosphere to allow the subject to breathe spontaneously (17) . The tube dimensions were chosen to function as a mechanical low-pass filter, allowing the subject to breathe fresh air (13, 15, 32) . Protocol. On the first day of the study, subjects were acclimated to the OVW system. Spirometry (FEV1) was performed, and lung volumes were measured with a whole body plethysmograph (Morgan Scientific). Skin prick tests were used to determine antigen sensitivity. The antigen that produced the wheal (small, slightly reddened, circumscribed elevation of the skin) of greatest diameter and that was not in season was selected for subsequent inhalation challenge. Sputum induction was performed by using the technique of Fahy et al. (8) to assess the subject's baseline level of inflammation.
On the second day (separated by 2 days from day 1), a quantitative skin test was performed with the chosen antigen by using various dilutions (diluted with buffered saline) to determine the allergy sensitivity. A dose two serial dilutions below the most dilute dose that produced a wheal of at least 3 mm in diameter was used as the starting dose for the antigen challenge. An esophageal balloon was inserted, and baseline measurements were recorded. These included an OVW measurement, Raw tracking during tidal breathing and a DI, and a QSPVC. During the Raw tracking measurement, the patient was instructed to spontaneously breathe on the mouthpiece for four to five breaths, take a DI while keeping their glottis open, and then breathe for four to five more breaths. Subjects were instructed to inhale to TLC and then relax and exhale to residual volume on the mouthpiece while the technician periodically blocked the exhalation port for 2-3 s to generate a QSPVC.
Doses of the chosen antigen were prepared by using a serial dilution technique. First, 2 ml of buffered saline were injected into sterile rubber-capped vials. Next, 2 ml of the chosen allergen extract were injected into the first vial (1:2 dilution). After the solution was thoroughly mixed, 2 ml were removed and injected into the second vial (1:4 dilution). Serial dilutions were continued in this manner until the starting dose dilution (determined from quantitative skin test) was reached. Dosing of the antigen was then conducted until a 20% drop in FEV1 below diluent baseline was observed, defined as the EP. An OVW measurement, Raw tracking, and a QSPVC were then performed.
After EP measurements, the esophageal balloon was removed. The subject's FEV1 and transrespiratory Raw (i.e., respiratory system resistance at 8 Hz) were measured periodically (every 60 min) for the next 4-5.5 h to detect onset of any LP response. If the subject's FEV1 dropped below 85% of the diluent baseline value, the subject was considered to have developed a LP response. Once this occurred, the esophageal balloon was reinserted, and OVW, Raw tracking, and QSPVC measurements were obtained. If the subject's FEV1 did not drop below 85% of the diluent baseline value by 5.5 h after the initiation of the EP, measurements were made at that point. OVW and Raw tracking measurements were also repeated 4 min after the subject was given two puffs of albuterol at the end of the study to assess response to bronchodilator therapy. Finally, sputum induction was repeated to assess the level of inflammation during LP (8) .
Data processing. The QSPVC data were fit by using the Salazaar and Knowles model (28) . The model was fit to the data by using a nonlinear least squares algorithm (3) that minimized the sum-of-squares of a given error function (¥e 2 ). The error function was defined as e ϭ (Ptp d Ϫ Ptp m ), where Ptp d and Ptp m are the transpulmonary pressure data and model, respectively. The static elastance (Estat) was calculated as the inverse of the chord compliance between functional residual capacity and 500 ml above functional residual capacity. The lung impedance (ZL) and its coherence function (␥ 2 ) were estimated by using the technique of Daroczy and Hantos (5) . The dynamic RL was calculated from the real part (RC) as follows: RL(f k) ϭ Re[ZL(fk)], where k designates the frequency (f) of interest. The dynamic EL was calculated from the imaginary part (Im) as follows:
The Ptp and flow measurements obtained during Raw tracking were digitally high-pass filtered (Butterworth, 4th order, cutoff frequency of 4 Hz) and applied to a one-compartment model using recursive least squares algorithm (forgetting factor ϭ 0.92). The Raw tracking result was then plotted vs. time and against lung volume.
Data analysis. The E stat, dynamic RL and EL, and Raw tracking measurements were compared at baseline, during EP and LP, and postalbuterol. The pattern of constriction was assessed by the frequency dependence of RL and EL, as performed by Lutchen et al. (22) . From each Raw tracking measurement, the mean level of Raw before a DI (Raw pre-DI ) and the minimum Raw that a subject could achieve during an inspiration to TLC (Raw min ) were quantified. The Raw pre-DI was used as a measure of the amount of airway constriction during tidal breathing, whereas Raw min was used to assess a subject's maximum dilation capacity.
Sputum samples were processed according to the technique of Fahy et al. (8) . Cells that were counted included squamous, macrophages, epithelial, neutrophils, eosinophils, and lymphocytes. At least 500 nonsquamous cells were counted. Samples having Ͼ80% squamous cells were not included because this indicates that the subject was producing cells from within the mouth and upper airways rather than from deep inside the lung. The percentage of the total nonsquamous cells was calculated for each type of nonsquamous cell. The level of inflammation was assessed for baseline and LP sputum slides as indicated by the percentage of neutrophils and eosinophils.
Statistical analysis. Comparisons between baseline, EP, LP, and postalbuterol measures of constriction heterogeneity, the bronchodilatory effect of a DI, and quasi-static lung properties were performed with a one-way ANOVA for repeated measures. If significance was obtained from ANOVA, a Tukey's post hoc analysis was performed. Within each group, parameter comparisons were performed with twotailed paired t-tests. Statistical significance was defined as P Ͻ 0.05.
RESULTS
To illustrate the range of responses observed in this cohort, we first present the RL and EL data ( Fig. 1 ) and sputum cell counts (Fig. 2) for two example asthmatic patients. One patient (Fig. 1A, subject 8) had mild obstruction at baseline (FEV 1 73% predicted), a pronounced EP response, and no LP response. The other patient (Fig. 1B, subject 1) had mild obstruction at baseline, (FEV 1 75% predicted), a substantial EP response, and an even more pronounced LP response. Similar to other asthmatic subjects, these example subjects showed evidence of a substantial and heterogeneous constriction response (Fig. 1) in EP. Interest-ingly, there was virtually no evidence of cellular inflammation in their sputum at baseline (eosinophils Ͻ1% of nonsquamous cells) (Fig. 2) . At LP, both showed a significant and substantial increase in eosinophils in sputum, but the mechanical responses relative to baseline ranged from none to severe. For example, Fig. 1A shows the RL and EL vs. frequency and Fig.  2A shows the cell count data for an asthmatic subject with a severe EP but no LP (LPϪ). At baseline, there were virtually no eosinophils. During the EP, this subject had substantial heterogeneous constriction, as indicated by a highly elevated level and frequency dependence of RL and EL. Nevertheless, at LP (6 h later), the RL and EL were minimally elevated from the baseline values. The RL and EL decreased below baseline values after administration of albuterol, presumably due to relaxation of airway tone below baseline. Cell counts showed that, compared with baseline, at LP the macrophages and lymphocytes decreased, whereas neutrophils and eosinophils increased. Figure 1B shows example data from a subject with a positive LP (LPϩ). At baseline, this subject showed elevated RL and EL and elevated frequency dependence but few eosinophils in the sputum and only mild obstruction, as measured by spirometry. EP was accompanied by an increase in RL and EL at all frequencies and pronounced frequency dependence, suggesting marked heterogeneity of constriction. Five hours later, the eosinophil levels increased (Fig. 2B) , and the subject had a LP manifest by marked constriction with a substantial increase in the RL and EL almost to the level of the EP response. After albuterol, RL and EL dropped to below baseline levels, indicating that the constriction resulting from LP response was immediately (within 3-5 min) relieved by smooth muscle relaxation. Data for the entire study cohort are summarized with respect to magnitude and pattern changes of RL and EL, sputum cell counts, and airway dilation capacity data in response to a DI. Information about the extent of heterogeneity of constriction was expressed using the outcome parameter (R low Ϫ R high ), which reflects overall frequency dependence of impedance. The capacity of ASM to dilate in response to mechanical stretch was evaluated with two indexes. First, the mean constriction level averaged over all airways was quantified via the mean Raw during tidal breathing (Raw pre-DI ). Second, the maximum airway caliber a subject could achieve was quantified by the minimum Raw achievable (Raw min ) following a DI. Figure 3 summarizes these mechanical features in all subjects at baseline, EP, LP, and after albuterol on completion of LP measurements. Figure 4 summarizes the sputum assay of inflammation. For the LP, we distinguish between those subjects with a milder response (FEV 1 Ͼ85% baseline after 5.5 h, LPϪ) and those with a more severe response (FEV 1 Ͻ85% baseline after 5.5 h, LPϩ). During EP, all subjects had a rapid, substantial, and significant (P Ͻ 0.05) increase in the heterogeneity of constriction (R low Ϫ R high ), increase in Raw pre-DI , and decrease in the ability to maximally dilate airways (increase in Raw min ). At baseline before administration of antigen and provocation of the EP response, the eosinophil counts were very low and neutrophil counts were in ranges previously reported for healthy subjects (1) . These data indicate that there was little evidence of inflammation in the sputum across asthmatic subjects at baseline (just before EP). Thus airway hyperreactivity leading to a pronounced EP response occurred without inflammatory cells in the sputum.
At LP, every subject showed a substantial elevation in inflammatory cells in the sputum (neutrophils and eosinophils; P Ͻ 0.05) (Fig. 4) . Nevertheless, not all subjects showed the same physiological phenotype. LPϩ subjects developed marked and heterogeneous mechanical constriction during LP (Figs. 1 and 3 ) with a substantial increase in Raw pre-DI and evidence of a reduced capacity to maximally dilate airways in response to a deep breath (elevated Raw min ). LPϪ subjects showed either no or mild constriction (Raw pre-DI ) and no evidence of heterogeneity (R low Ϫ R high ). However, as with the LPϩ group, the LPϪ group also showed evidence of a reduction in capacity to maximally dilate airways (elevated Raw min ). The elevated Raw min in both cases did not reach a level of statistical significance. Finally, even the severe LP responders, however, did not show a mechanical constriction response as substantial as what occurred at EP. In both LPϩ and LPϪ subjects, albuterol administration brought lung mechanics back to baseline levels.
The averages and standard deviations of E stat and maximum recoil pressure (Ptp max ) calculated from the QSPVCs are shown in Table 2 . E stat was not significantly different between baseline, EP, LP, and postalbuterol. Ptp max was similar between baseline, LP, and postalbuterol time points. However, values were slightly lower immediately after antigen inhalation (EP) compared with at baseline (P ϭ 0.036), suggesting , minimum Raw that a subject could achieve during an inspiration to total lung capacity. B, baseline; EP, early phase; Alb, albuterol. * Statistical significance relative to baseline, P Ͻ 0.05. Arrows show pairs that were statistically significant from Tukey's post hoc analysis. Note different scales. Fig. 4 . Summary of cell count data for asthmatic group (n ϭ 9). a shift in the QSPVC to higher volumes and subsequent small loss of recoil.
Tracking of the mechanical conditions between EP and LP was accomplished by measuring total respiratory resistance during tidal breathing (Raw,tr pre-DI ) and at TLC (Raw,tr min ) every 1 h. Figure 5 shows the response for the two example subjects highlighted in Figs. 1 and 2. At EP, both subjects had a large increase in Raw,tr pre-DI and Raw,tr min , indicating constriction and loss of ability to maximally dilate airways during stretch. Between the EP and LP, these perturbations in lung mechanics returned to baseline levels. As LP developed, the subjects began to lose their ability to maximally dilate and Raw,tr pre-DI became elevated. Note that constriction was not as severe as the EP, and albuterol brought the subjects down to baseline levels. It is interesting that the increases in Raw,tr pre-DI and Raw,tr min began ϳ3 h post-EP, whereas the abnormalities in spirometry were not evident until 6 h post-EP. Perhaps the increases in Raw,tr pre-DI and Raw,tr min are the initial and more sensitive indicators of the buildup in airway inflammation.
DISCUSSION
The primary objective of this study was to examine how the pattern and severity of airway constriction and the capacity to maximally dilate airways are related to airway inflammation in allergic asthma. Responses during both EP and LP were examined. LP responses were specifically targeted for study since the LP response is commonly considered to more accurately represent the spontaneous asthma phenotype in that it is a condition in which inflammation becomes elevated from the baseline EP. By combining measurements of static and dynamic lung mechanics, the present study indicates that 1) bronchoconstriction postallergen challenge occurs independent of preexisting airway inflammation, as assayed by extent of sputum cellularity; 2) EP bronchoconstriction postallergen challenge is associated with markedly heterogeneous airway narrowing as assayed by frequency dependence of impedance (Figs. 1 and 3) ; 3) a positive LP reaction (as assessed via spirometry) also results in marked heterogeneity of constriction; 4) EP and LP postallergen challenges are associated with inability to fully dilate airways during stretch produced by maximal deep lung inflation and this is true whether the LP is ϩ or Ϫ (Fig. 3) ; 5) Ptp generated during DI tend to be reduced during EP and LP; reductions in recoil pressure suggest that gas trapping may play a role in determining physiological responses in asthma; and 6) LP was uniformly associated with marked cellular inflammation and was not associated with the extent of bronchoconstriction, since both LPϩ and LPϪ patients had similar increases in sputum eosinophils and neutrophils (Fig. 4) .
Collectively, these observations have important implications with respect to disease severity in asthma and suggest a new paradigm for interpreting differences in phenotypic expression.
Haley and Drazen (12) have recently examined the relation between extent of active inflammation in the asthmatic airway and the tendency of that airway to bronchoconstrict after provocation. They proposed that there are two distinct ways through which inflammation can promote airway hyperreactivity (12) . First, inflammatory cells (mast cells or perhaps standing inflammatory cells present in the submucosa but not in the airways) release histamine, leukotrienes, plateletactivating factor, and proteases that have short halflives and can cause acute bronchoconstriction and increased airway responsiveness. Second, eosinophils can release major basic protein, which activates macrophages to release cytokines and chemokines that modify antigen processing and a response to ␤-agonists (12) . Cytokines and chemokines remain in the airways for longer periods of time and may be responsible for airway remodeling and/or increased ASM tone. This hypothesis provides discrete immunologic pathways to explain asthmatic EP and LP responses and can explain why the extent of EP and LP responses in any given patient can be very different. Results of the present study are potentially consistent with this paradigm. EP responses were uniformly observed in all subjects, presumably in response to rapid release of histamine, leukotrienes, platelet-activating factor, and proteases from inflammatory cells in the submucosa that were not evident during assays of induced sputum samples at baseline. OVW measurements indicate that constriction during EP is extremely heterogeneous in its distribution. This is reflected in the marked frequency dependence of impedance and is consistent with our previous study showing that airway hyperreactivity in asthmatic patients creates a highly heterogeneous constriction phenotype in asthmatic patients (22) . It is not clear whether this marked heterogeneity reflects a tendency for inflammatory cells to localize to specific sites within the lung or a tendency for airways to remodel in such a way that certain sites narrow to a greater extent than others when similarly challenged (10) . Independent of mechanism, heterogeneity was universally observed during EP, and the ASM displayed hyperreactivity at baseline even without evidence of inflammation in the sputum.
The inability to maximally dilate airways during EP is thought to be a physiological characteristic of spontaneous asthma and could be due to several factors. First, in airways that are closed or significantly obstructed, airway-parenchymal interdependence may be lacking. In this case, the effects of a DI would be poorly transmitted to the airways within that lung zone. As a result, airways leading to those regions most significantly affected by airway narrowing would be least able to stretch during a deep inflation, resulting in overall attenuation of the DI bronchodilator response. Furthermore, the ability to maximally increase recoil pressure following constriction may be attenuated as a consequence of gas trapping resulting from the heterogeneous constriction pattern observed. The physiological consequences of heterogeneity may be even more pronounced in the clinical setting, since heterogeneity can cause hypoxemia as a result of V A/Q mismatching, providing a stimulus for tachypnea. As breathing rate increases, areas with long time constants progressively hyperinflate, and recoil pressure at TLC progressively declines, blunting the ability to maximally dilate during a DI. Finally, changes at the level of the ASM resulting from exposure to inflammatory mediators following antigen challenge may alter the intrinsic area transmural pressure relationship of ASM such that distensibility is attenuated.
There was no relationship observed between the severity of the EP and LP responses. In fact, some individuals with pronounced EP responses showed minimal LP responses with regard to heterogeneity and Raw pre-DI but did show an elevated Raw min (Fig. 3) . Despite pronounced differences in extent of bronchoconstriction, however, all patients evaluated 5-6 h after antigen challenge displayed marked cellular inflammation in the airways assayed by induced sputum analysis. This observation suggests that physiological differences between individuals with asthma may not necessarily be due to differences in the extent of inflammation within the airways or to their ASM but rather to an individual's response to inflammation, a finding consistent with recent pharmacogenetic studies (6, 26) .
Both EP and LPϩ responses share two important characteristics, however. When a LP response was observed, it was characterized by marked heterogeneity and an inability to maximally dilate airways following a DI (although the latter did not reach statistical significance, the trend was clear). Specifically, the Raw pre-DI and Raw min in EP (5.2 and 2.0 cmH 2 O ⅐ l Ϫ1 ⅐ s) were quite similar to the LPϩ group (4.9 and 1.7 cmH 2 O ⅐ l Ϫ1 ⅐ s, respectively). The reasons for this may be similar to those cited above in the discussion of EP responses. Independent of mechanism, these observations indicate that bronchoconstriction during both EP and LP is heterogeneous in nature, and this key physiological feature of the responses is independent of the extent of airway inflammation and may in part determine the inability to maximally dilate airways following a DI.
From sputum analysis, our asthmatic subjects displayed virtually no evidence of intraluminal eosinophils at baseline (EP) and a substantial elevation at LP. Unfortunately, sputum analysis cannot assay inflammation within the airway wall. During LP, other inflammatory conditions likely exist not explicitly evident from sputum results. For example, one might expect airway swelling and/or thickening that could enhance peripheral resistance. Also, inflammatory cells are known to stimulate a mixture of endogenous mediators that are bronchoconstrictive (12) . These mediators are distinct from the mast cell histamine response that occurs during EP. Although we do not know the explicit inflammatory events occurring in vivo, we do know that the sum total of inflammatory conditions at LP always reduced the ability to maximally dilate airways (i.e., elevated the R min ) and occasionally created heterogeneous constriction conditions akin to EP. Nevertheless, there was always a full recovery of R min and any elevated frequency dependence (i.e., heterogeneity) after bronchodilator-induced relaxation of smooth muscle. Hence, amplified constriction conditions at LP appear to derive from inflammation-induced abnormal constriction in the ASM, rather than from swelling or thickening per se.
The diversity of LP responses among patients with seeming equivalent degrees of EP response and clinical asthma is also of interest and may be due to several factors. It seems likely that, given the time course of the EP response in relation to antigen exposure, mast cell activation likely played an important role. Mediators such as histamine, tryptase, and prostanoids released from mast cell granules following IgE activation would thus modulate the physiological response of the EP. The lack of detectable inflammatory cells in induced sputum is consistent with this notion, since these cells remain submucosal and are difficult to detect by this assay. By contrast, inflammatory mediators released from eosinophils and neutrophils may modulate LP responses, and the tendency to broncho-constrict in response to this panel of mediators may be somewhat more variable. Nevertheless, in both cases, the inability to dilate in response to a deep breath points to a defect at the level of the smooth muscle that may be due to changes resulting from long-term and/or repetitive exposure to inflammatory mediators. Several groups have reported that reductions in periodic lengthening of smooth muscle for extended periods of time will likely cause remodeling of the muscle contractile apparatus, resulting in a muscle state that is stiffer and more contractile (9, 11, 35) . If correct, this would suggest that inflammation is capable of altering ASM phenotype via chronic exposure to a milieu of endogenous mediators that sustain increased muscle tone. However, our results indicate that such an alteration does not affect the ability of smooth muscle to undergo rapid relaxation following ␤-agonist administration.
Most investigators would concur that increased airway inflammation will generally exacerbate the severity of asthma. The results presented here suggest, however, that the relationship between inflammation and asthma severity is not straightforward. To date, few studies have provided an explicit scenario for how chronic inflammation might impact function or, more specifically, severity and hyperreactivity in asthmatic patients. It is generally accepted that asthmatic subjects constrict more than healthy subjects when exposed to a given (nonspecific) agonist and respond at a lower dose (2) . The mechanisms that other studies have proposed recently to explain why asthmatic subjects are hyperreactive have focused primarily on ASM biology and include the following: 1) the ASM is in a stiffer and stronger state (9), 2) the load conditions allow the ASM to maximally shorten (reduced tethering) (24), 3) inflammatory mediator release promoting airway reactivity is more pronounced (16), 4) airway edema (7, 40) , mucus plugging (7), and airway wall thickening (inflammation and/or remodeling) amplify the amount of luminal reduction for a given amount of ASM shortening (38), 5) surfactant dysfunction (14, 39) leads to narrowing and collapse of small airways, and 6) the epithelial cells are more transparent in asthma, allowing more agonist to reach the ASM (30). Our results do not directly support or dispel any of these mechanisms but suggest that, independent of the biological pathway involved, heterogeneity is a key feature of the response and heterogeneity itself may determine key phenotypic characteristics of asthma. It is worth noting that the increase in frequency dependence in RL simultaneously with the large increase in airway wall shunting (increase in EL at 8 Hz) points to the periphery of the lung as the major site of constriction. This constriction likely derives from a combination of excessive ASM shortening simultaneously with amplified airway wall swelling or thickening.
Limited ability to maximally dilate airways after a DI may in part relate to the reduction in Ptp that results from gas trapping and an inability to fully transmit Ptp changes to areas that are poorly ventilated. It is also possible that, in extreme cases, heterogeneity can explain refractoriness to medical therapy.
Areas involving airways that are maximally constricted are also poorly ventilated; therefore, these areas will receive little inhaled medication. This may be further exacerbated by dilation in less severely obstructed areas, since this could result in further V A/Q mismatching, worsening hypoxemia, and a greater stimulus for tachypnea and gas trapping.
Could it be argued that the ASM is similar in healthy and asthmatic subjects but that asthmatic hyperreactivity is simply a consequence of more bronchoconstrictive mediators getting to the smooth muscle? Perhaps, but it is well known that nonsymptomatic asthmatic subjects without baseline evidence of enhanced inflammation are hyperreactive to nonspecific constrictive agonists. Also, in our specific study, a severe constrictive EP response occurred with minimal evidence of inflammation in the airway lumen. Thus airways are hyperreactive (to the acute, histamine-like stimulus at EP), and excessive inflammation was not a prerequisite. A question then arises as to why, with similar degrees of enhanced inflammation, some subjects are LPϩ, whereas others are LPϪ. Here, the ASM in LPϪ asthmatic subjects does not have to be inherently different from the ASM in LPϩ asthmatic subjects. Rather, at LP, the mediator systems are complex and, in some subjects, sufficient to induce a hyperreactive ASM response (akin to that seen at EP), whereas in others it is not. In the end, it appears that the ASM must be hyperreactive before the onset of "chronic-like" inflammation and in a manner not present in healthy subjects.
One additional feature of the present study deserves comment. It is remarkable that, even in those instances where a pronounced LP was observed, bronchoconstriction was rapidly and completely reversed with albuterol. These findings suggest that airway inflammation resulting from antigen inhalation exerts its physiological effect by altering ASM tone rather than by causing mucus plugging, thickening of the airway wall by producing edema, or alteration of airway surfactant through protein leakage. This conclusion is supported by the fact that ␤-agonist therapy not only reversed bronchoconstriction but also, in virtually all instances, lowered Raw to below preallergen baseline levels. This suggests that baseline tone in the asthmatic airway is increased and that both EP and LP constriction in this study specifically reflects the physiological response of the ASM.
The primary goal of this study was to probe how airway reactivity in asthmatic subjects during acute stimulation (EP) compared with airway constriction conditions that developed as a consequence of inflammatory cells trafficking to the airway system (LP). This required that we use atopic asthmatic subjects that served as their own controls. It is not evident whether data from atopic, but nonasthmatic normal subjects would aid in interpretation of these data. By definition, atopic normal subjects would show a heterogeneous early response to some antigen. However, because such subjects would not be asthmatic, they would not (by definition) have airway hyperreactivity to a nonspecific agonist. Hence, if a normal subject showed no enhancement in inflammatory cells (i.e., no LP), then one can say nothing regarding the role of inflammation in asthma. Even if atopic normal subjects did show enhanced inflammation at LP, all we could evaluate would be how such inflammation impacts their mechanical conditions and not those of asthmatic patients per se. Our concern was the impact of enhanced inflammation in the lung of an individual that already has asthma and has airway hyperreactivity even to nonspecific stimuli.
In summary, the data presented here suggest that allergen exposure causes EP and LP constriction primarily by altering ASM tone. The data further suggest that there is a poor relationship between the extent of inflammation in the airways assayed by induced sputum and the extent of bronchoconstriction. Finally, the results suggest that heterogeneity and reduced capacity to maximally dilate airways are key features of the physiological response. In fact, these features may in part determine the diminished responsiveness to inhaled medical therapy in some cohorts of severe asthmatic patients (37) . Whether physiological heterogeneity is due to the presence of focal sites of inflammation within the airways, differences in ASM density at specific sites within the airways, or local narrowing resulting from airway remodeling is not clear, but defining the biological basis for this pronounced and consistent heterogeneity and the diminished airway dilatory response may provide insight into key features of the asthmatic phenotype, thus being worthy of further investigation.
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